INTRODUCTION
In the last three decades, stepped spillways have become common overflow structures for rollercompacted concrete (RCC) dams. The steps have significant influence on the energy dissipation along the spillway and reduce the size and the cost of the stilling basin. The application of new construction technique of roller-compacted concrete, had lowered the construction cost even more. Low cost, combined with good energy dissipation make RCC dams a superior alternative to traditional concrete gravity dams with smooth spillways.
Hydraulic characteristics of stepped spillways can be assessed in various ways: by using the empirical equations (during the preliminary design process), scale modelling, and numerical modelling (in the final design process). These three approaches are applied to the spillway of the 'Bogovina' dam.
RCC dam 'Bogovina' is planned to impound the water of the Timok River. Proposed height of the dam is 54 m, with crest width of 396 m. The design flow of the spillway is Q 0,01% = 372 m 3 /s and the width is 115 m.
The slope angle of the spillway is  = 51,34 o . Proposed height of the first four steps is 45 cm, while the remaining 45 steps are to be 90 cm high. The downstream end of the spillway is connected to the stilling basin.
MATERIALS AND METHODS

Scale model
In order to obtain valid data for the analyses, the scale of the model should be chosen so that the flow can exhibit adequate air entrainment [3, 4, 5, 7, 16] . To comply with this requirement, it is sufficient to use scales between 1:10 to 1:12. Since the large spillway discharge of the Bogovina dam, and importance of correct air entrainment modelling for representative energy dissipation, it was chosen to build only a section of the weir with stepped spillway (Figure 1 ) [14, 20] . Scale of such model was 1:12 with respect to Froude similitude. Width of this model was 60 cm. Water levels in the spillway were measured with point gauges. 
Empirical equations for the stepped spillways
Boes and Hager [4, 5] conducted a series of tests on scale models, and devised equations for the analysis of the stepped spillways flow. In the remaining part of this section, an overview of this analysis is presented. The details are outlined in the literature [14] . The most important variables used in this study, are outlined in Figure 2 . 5, 90
where L i -distance from weir crest to inception point, h c -critical depth,  -slope of the spillway, s -step height. Uniform flow characteristics. If the spillway chute is long enough, the flow is expected to attain uniform conditions. Since this type of flow is positioned downstream of the inception point, it will exhibit a significant air entrainment. One can distinguish between the clear-water depth h w,u , and the mixture depth, h 90,u where the concentration of entrained air is 90%: 
New variable, * F , is the Froude number with step height as characteristic length:
and q w is the flow rate of water per unit width of the spillway. Depth-averaged air concentration for uniform flow can be assessed as:
Residual energy along the spillway chute. Residual energy per unit weight of the water is an important parameter for designing the stilling basin. The most important problem is the cavitation since the flow field corresponds to a water jet with moderate impact angle [12, 13] . As the cost of the basin can be significant, it is essential to provide a reasonably good estimate of the residual energy at the downstream end of the spillway. To assess residual energy along the spillway, it is required to compute the friction factor along the spillway. By choosing the step height as the reference length, Boes and Hager [4, 5] proposed the equations (6) 
Maximum head-water elevation, H max , is related to the dam height and the critical depth:
Residual energy head at the downstream end of the spillway is computed in two ways, depending whether the uniform flow condition were attained or not. If uniform flow conditions are attained, i.e. H dam /h c ≥ 15÷20, the following equation applies:
where parameter F is computed using the formula:
Parameter  in (10) takes into account the nonuniform velocity distribution along the vertical and the value of 1,1 is chosen. If uniform flow conditions were not attained (H dam /h c ≤ 15÷20), the following expression is used:
Residual energy distribution along the spillway can be assessed from equations (6) - (10) by substituting the dam height with the elevation difference between weir crest and current step.
Numerical modelling of the flow along the spillway
The popularity of computer simulations in the field of fluid mechanics increased in the last three decades. The availability of more and more powerful computers at low price will increase the use on numerical models and will introduce them as standard tool in the design process. Due to strong air-water mixing, the flows is regarded as multiphase.
Air-water flow can be modelled in two ways: by forming the equations for the mixture or for every component separately. Pro of the first approach is its intrinsic simplicity (compared to the second) but is bound to cases with low air concentrations. Second approach is preferred in cases where turbulent motions have significant influence on the mixing phenomenon. The process of dissolving of air in water is usually not modelled, as insignificant for the given problem.
Water and air were modelled as separate interpenetrating continua. Mass and momentum conservation equations are solved for each phase, q [2, 6] :
where 
where R ij is the "Reynolds stress tensor", D ij -diffusion tensor (molecular and turbulent), P ij -Reynolds stress production tensor,  ij -pressure-strain tensor, and ε ij the dissipation tensor. In the case of strong anisotropy of shear stresses, the presented model has the advantage over simpler models (with one and two transport equations for fluctuations) [8, 17] .
The system (1) -(3) for both (q) phases is solved by supplying appropriate boundary conditions. For (1), one must prescribe phase distribution while (2) requires the velocity distribution for all boundaries.
Exact solutions for the presented equations exist only for highly simplified cases. As these results are inconvenient for the design purpose, previous equations are solved approximately. The widely used methods are: finite differences, finite volume and finite element [9, 11, 15, 18] . Due to its relative simplicity and high flexibility, the majority of the available numerical models (commercial, free and open-source) implement finite volume method [1, 2, 9, 19] .
Computational mesh used in this study, is presented in the Figure 3 . Initial mesh was refined in parts of the domain where steep velocity gradients were observed, in the vicinity of the free-surface (due to the air-water mixing) and in the triangular cavities (due to the strong velocity gradients and streamline curvature). 
RESULTS AND DISCUSSION
In this section, the results obtained from the scale model, empirical equations [14] and numerical model Ansys Fluent are compared for the design flow-rate of Q = 372 m 3 /s. The results are summarized in Table 1 . The results obtained from the scale-model were upscaled to a prototype dam. The inception point. As seen from Table 1 , length from the weir crest to the inception point is the smallest for the scale-model. The location computed from empirical equations and numerical model are in good agreement with each other, and are somewhat larger than the measured.
Uniform flow mixture depths and air concentrations. The uniform flow mixture depths computed from empirical equations and numerical model show good agreement, but both of them are smaller than the measured. This could come from the fact that the uniform depth might not have been attained at the scale model.
As the concentration of the entrained air was not measured, comparison was made only between the results of the empirical equations and the numerical model. The difference between them is significant (2.5 times). The reason for this discrepancy can be attributed to the inability of the numerical model to adequately reproduce the process of air entrainment, especially in the zone of break-up of water stream into droplets. This problem is illustrated in Figure 4 . The sharp drop for concentrations between 0.8 and 0.85 is a clear deficiency of present model and it requires further improvements. The problem of air-entrainment for water jets is the topic of recent studies [10] but there is still no adequate model for the spillway flow. Mixture depths at the steps 11 and 16. The measured mixture depths and the depths obtained with the empirical equations are larger than the depths from the numerical model. The disagreements at the step 11 are within acceptable limits, which cannot be observed for the step 16 . From the analysis presented in [14] , the flow is expected to attain the uniform condition between the steps 11 and 16. As the depths obtained from the numerical model in the respective sections are similar, one can conclude that the uniform flow occurs further upstream than expected in the numerical model. Aside from the overall flow structure, it is important to consider the flow field within the triangular cavities formed by the steps. The numerical model flow field exhibits the swirls inside the cavity, which was also observed in the scale model (see Figure 5 ). This flow pattern is visualized by the streamlines in the numerical model and the entrained air in the scale model photo. Also, it is noted that the numerical model is able to reproduce air-water mixture only to a certain extent, in the region close to the free surface. However, the model isn't able to reproduce the air entraining in the cavity itself. 
FME Transactions
Residual energy head. Residual energy head (residual energy per unit weight of water) was analysed using the empirical equations and numerical model only. The residual energy head obtained from the numerical model is ≈ 50% of the value computed by the empirical equations. The reason for the difference could be the discrepancy of air concentration. As shown in [4, 5] , the friction factor decreases with air concentration. As stated previously, the air concentrations from the numerical model are smaller than expected (empirical equations), which results in larger friction factor and larger energy dissipation. Since the reliable prediction of energy dissipation is of crucial importance for a stilling basin design, it is necessary to conduct further research in order to obtain an accurate prediction of the residual energy.
CONCLUSIONS
The comparison between the results of the scale-model, empirical equations, and numerical model Ansys Fluent for the Bogovina dam are presented. The following can be concluded:
 Location of the inception point is obtained with acceptable agreement for all three approaches.  Uniform flow mixture depths by the numerical model are predicted upstream from the position expected by the empirical equations.  Entrained air concentration for the uniform flow conditions is significantly underestimated by the numerical model.  Although the flow field over the steppes is well reproduced, the numerical model failed to simulate the air entrainment process inside the triangular cavity formed by the steps.  Residual energy is significantly underestimated by the numerical model, which is not on the safe side for stilling basin design.  In order to provide good estimates for design purposes of the stepped spillways, the existing empirical equations and the numerical model require further improvements.
